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ABSTRACT

A flexible FORTRAN computer program to d.-c:mlne the temperature history

and ablation hist'ry of aerodynamically heated flight bodies has been devised.

The effect on heat conduction and aerodynamic heating histories of the removal

of abla:ing wall materials is ,iutomaticallv accounted for by the computer pro-

gram. The program is flexible in that it can accommodate flight body heat con,

duction inputs in the form of any reasonable combination of geometry and

construction materials. The program will accept only one ablative material at

any single position on the flight Dody surface but different ablative materials

can be specified for different locations. One section of the progra- receives

flight trajectory, radiation-property, and local aerodynamic flow inputs and

provides for the computation of local aerodynamic heating and radiation relief.

The other section of the program governs the computation of temperature history

throughout the flight body and the thickness history of ablating layers. There

f
is no provision for readjusting vehicle aerodynamics in accordance with body-

shape chanf es. In setting up the program it was assumed that the process of

1. decomposition of the ablative material was concentrated at the surface and that

the chemistry of the decomposition could be accounted for by emplrically-based

effective heats olT ablation and abltion surface temperatures instead of chemical

L reaction equations and associated chemical reaction rate constants. Since the

report is to serve as a user's manual, a detailed description of the computer

tprogram is provided. The description ccvers the engineering u.o (,h adopted in

* relation to the general probfem of determining temperature e d ablation historiea

in a flight body by numerical methods. This is foi,oved by %iformation on the

program btructure, flow of program information, and FIRTFAN nomencloture. A
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sample problem is posed and step-by-step preparation of the FORTRAN codiiI
1. is explainc4. Finally, aa actual print-out from a computer run for the

problem is dis" ;'xed and discussed.
I.
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A FORTRAN 0DMPb"TER --ROGIF.A FOR THE SOLUTION OF

IMULTI-DIMENSIONAi. TRANS .',3T ABLATION PROBLEMS

I NTRODU MTI 0N

One of the many considerations in the design of ai hypersonic defense

missile is ,he thermal protection system. Ablative systems are attractive in

this regard because of their automatic response to Perodynamic heat flux and

consequent simplicity compared to transpiration or ducted cooling systems. As

a result of this situation, there is a continuing demad for efficient, flexible,

and effective ablation design calculation procedures. Ibis demand has been met,

in part. by the appearance of a number of ablation computer programs. However,

such programs have tended to be oriented toward the re-entry problem and it has

seemed that more attention could have been given to constructing programs flexi-

ble enough to accept the variety of geometries, materials, and trajectory inputs

associated with the hypersonic missile problem. This report presents an ablation

computer program for subliming ablators that has been constructed with this

flexibility in mind. The report was prepared both as a descriptive exposition

of a particular engineering method and as a user's manual. Thus it lays out for

the potential user, not only the general engineering techniques, but also the

flow of prugram information and the step-by-step instructions to the person

preparing the FORTRAN coding sheets. Before proceeding further, a quick review

of ablation processes is in order,

As is well known, ablation is characterized by the disintegration of a

solid material under the combined mechanical and thermal action of a boundary

layer of hot gas. In high-speed flight, ablation genernlly occurs as a iom-

31nation of physical and chemical procesfes. The principal physical modes of

ablation are:
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(a) Melting of a solid surface

(b) Vaporization of a liquid

(c) Sublimation of a Aid surface

(d' Fr- ,.uri'tg or shearing of solid surface layers

C-henical processes occurring duiring ablation fall into the following major

categories:

(a) Oxidation of solid surface

(b) Oxidation of released gas

(c) Molecular break-down of solid under accion of heat (pyrolysis)

In t.pi:al ablation processes various combinations of the foregoing reactions

usually occur. Some examples are the following:

Quartz - The solid surface melts and is swept along by the air boundary

layer whl'.ie the liquid vaporizes into the boundary layer.

Teflon - The supermolecule (polymer) breaks down in depth, releasing

monomer gas and the gas is oxidized at the surface by oxygen from the

boundary layer.

Graph.ce - Oxygen diffuses inward through the bound try layer to support

combustion of carbon at the graphite surface.

Phenolic Resin - 'he superimolecule breaks down in a high-temperature

surface layer. Gases are released leaving a porous carbon (char) layer.

The released gases react with oxygen which is diffusing inward through

the air boundary layer.

In designing the computer program, attention was focused on the case of the

pyrolyzing ablator. It was assumed that volume-loss calculations would be

iritia!y restricted to the case in which the exposed surface of the eblator

undergoes a pyrolyzing process equivalent to a sublimatir¢o phasc-change. It was

I
I
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anticipated that more complex ablation processes such as charring could be

accommodated at a later date. Mea'nwhile, however, if surface combustion takes

place er if chemical decomposition takes place in eipth, the sicuation is accom-

modated by assuming the chemical decomposition processes to be concentrated at

the surface in the form of a sablimation phase-changc having a known effective

heat of ablation and a known ablation surface temperature. As a result, the

computer program is realistically based on the avaliability, in the literature,

uf data on the effective heat of ablation and ablation surface temperature.

The numerical technique is based on the familiat lumped-parameter approach

in forward-difference form and is programmed specifically for the IBM 7094 digital

computer. The program consists of a number of FORTRAN and FAP subroutines which

are called into action upon command of a FORTRAN control program. The control

program is prepared by the user in accordance with the problem at hand. In a

broad sense, the program combines boundary-layer local heat transfer, ablation,

and radiation at the surface with multi-dimensional heat conduction beneath the

surface of a body in non-steady high speed flight. The program accounts for the

effect of in-flight body contour changes on non-steady heat conduction but does

not account for the effect of in-flight body contour changes on vehicle aero-

dynamics. Hence, addition of this feature is planned for sometime in the future.

Input data consist of flight trajector. and flight-body details and, in particular,

the ablatLon temperature and a modified form of the effective heat of ablation.

The report is divided into four differe-t sections ranging in content from

engineering considerations to a solution of an actual ablation problem. ,e

organizational plan is as follows:

Scction 1. Problem Formulation and Governipg Equations. This section

covers the engineering methods employee.
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Section 2. Structure of Program. This section covers the inputs, sub-

programs, ano information t!ow.

Section 3. The FORTRAN Ontrol Program. This section de:scr1,es the content

of the principal FORTRAN statements and gives the program

nomenclature.

Section 4. Sample Problem. This section describes the detailed preparation

of the FORTRAN statementb on codin6 sheets, using a specific

example.

I
1
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SECTION I

PROBLEM FORMULATION AND GOVERNIN E2UATIONS

In this section, a typical problem in sublii-ing ablation will be formulated

and discussed in order to bring out the 2ngineering techniques adopted. In the

section following this one the structure and processes of the computer program

itself will be described. .he present discussion :f engineering techniques

culminates in the formulation of a forward-difference numerical procedure. Along

the way, various inputs to this numerical procedure are introduced. These inputs

are reviewed in Section 2.

In general, the physical problem consists of a flight body whose surface is

subjected to aerodynamic heating while also exchanging thermal radiation with the

surroundings (i.e., "effective space"). Figure 1 shows schematic diagrams for a

typical problem.

~(b)

rigure 1. Schematic Diagram of a Typical Ablation Problem

The center of interest in the overall model in Figure la is shown as a segment

of the boundary layer and wall in Figure lb. In order to determine local flow

cenditions (Figure Ib), the aerodynamic problem (Figuar. la) must first be solved.

(Qopletion of the aerodynamic phase of the calculations makes it possible to carry
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out the second phase which involves the determination of local heat and mass

transfer at the exposed surface. The second phase of the calculations can be

carried out if the "present-time" local surface temperature has born calculated

or the "present-time"' ablation surface tempeyature )as been specified on the

basis of published ablation data. The third phase of the problem solution makes

use of finite-difference equations and carries beat conduction in the wall from

"present time" to"future time" by taking a forward step in time.

The overall ablation problem is defined by setting forth body configuratiol',

initial conditions, boundary conditions, and material properties. Problem

definition for the region external to the wall surface involves the following

items:

(1) Flight body configuration and local flow conditions

(2) Mach number and altitude versus time after launch

(3) Atmospheric properties versus altitude

(4) Transition Reynolds znunber

(5) Radiation environment

Problem definition for the region at and beneath the wall surface involves the

following items.

(1) Wall materials, their arrangement and diaensicns

(2) Wall material properties at; f-inctions of temperature: 7

a. Thermal conductivity

b. Density

c. Specific hieat

d. Surface enissivity

(3) Additional properties for ab~ators as tanct.ons of (nlaw H ):

a. The modified effective hea . of ablation

b. Ablation surface temperature i

I



(4) Initial wall temperature distribution

(5 Thermal bododvry conditions on internal surfaces of the vehicle

Under these conditions it can be shown that the wall surface terperature and

ablation rate are determined at every point in flight.

In the cAample of the flat plate at angle-of-attack (Figure la), computations

begin with the conversion of upstream flow conditions to the local couditncas of

the stream external to the boindary layer at the body station under study. Com-

pressible flow charts or air tables are used to determine pressure and Mach number

behind the shock using the perfect gas, the thermally perfect gas, or the roal

gas case as appropriate. Next, the energy equation is used to determine the local

temperature. At this stage the local pressure, temperature, and Pach number at

the edge of the boundary layer are sufficient to determine the local heat transfer

if the present-time local wall surface temperature is known. Fortunately, the

latter is always known in a forvard-dlfference numerical method of solution.

This completes the determination of local flow conditions. One additional cal-

culation is needed to determine thi Rcyin... number.

The local convective heat transfer is based on standard equations of the form

k

C, m, and n are determined by the prescrihed geometry and by the relative mag-

nitudes of the previously calculated local Reynolds number and the prescribea

transition Reynolds number. During ablation, the effect of mass transfer on

convection heat transfer must be taken into account. This effect provijed for

later on in the formulation of the energy equation for an ablating wall surface

element by introducing the transpiration factor B,.. Fcr the present, the

enthalpy-bazed heat transfer coefficient is employed in he ielation
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q - hHo(Haw- H) (2)

to obtain the ordinary local rate of convective heat flow per unit irea to a

nortab]oting wall.

The convectivTe calculation procedure cills for determining air properties

by a modification of Eckert's (1) reference enthalpy (i.e., H*) method. The

modification involves the use of numerieal constants recommended by Rubesin

and Johnson (2) and Sommer and Short (3), respectively, as follows

H* - 0.58 H + 0.42 (1. + 0.076 M2 )H (Liminar) (3)
w

H* - 0,45 H + 0.55 (1 + 0.04 M2 )H (Turbulent) (4)V

A value of T* corresponding to H* is found from a polynomial based on well-

accepted air tables of R versus T at a constant pressure of one atmosphere. With

T* so determined, an enthalpy-based heat-transfer coefficient is computed u-ing

a rearranged form of the standard heat transfer relation containing Pr - 0.72.

The relation is I
I

h - u)m (U.*)l-m (0.72)n-1 (5) "T

The Sutherland viscosity relation

,k T'/ 2  (6)

0T *+ I c

provides the viscosity.

The adiabatic-wall enthalpy Haw of the I.omdary-layer air is computed by

using a recovery factor of 1.0, 0.85, or 0.9 for the stagnation point, the taminar

boundary layer, or the turbulent boundary layer respectively. Local convecui'¢ ""

(and non-ablative) heat transfer q is thfn computed by se of Equatior. (2) to

complete the convective phase of the calrulation. I
J
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Radiation frou the wall surface to the prescribed radiation environment is

computed by mear-s of the standard radiation equation based on a ,nit area of

surface

FA~d , ,4  4

FA c w T space)  (7)

Configuration, emissivity factors, and effective space temperature T usedspace

in this equation ae prescribed during the problem definition stage and the

present-time wall temperature is always knoin in tbp forward-difference method.

The variable-property conduction situation in the wall is handled by

employing a lumped-parameter equation of non-steady heat low in more than one

dimension. A two-dimensional sketch of a typical lumped-parameter break-up of a

wall segment is shown in Figure 2. This view of a :all segment is an enlargemenL

of the segment shown earlier in Figure lb.

(-F--CA 44&77-

--. ------... V ..-

Figure 2. A Two-Dimensional Break-up of a Wall Segment Showing Nodes

In the absence of ablation, convection heat transfer per unit area q0 arrives

at area A1 of element 1 a,,d 4 radAl departs. Additional heat is transferred to

element 1 by conduction from other elements i throug% conductances kAWt, k. /L,

etc. which are called K The net heat transfer to element 1 is equal to

the thermal storage in a thermal capacitance (pVc f)) , CI. Thus, if tempera-

cures of elemeots i at the present time t are denot-ed by Ti and those at future
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time t 4 -t are denoted by I a forward-difference equation can be written as

4 + TTt -T 1
qA 7 K..(Ti - TI) - qraAl IoAI + i (I T At (8)

i=2

To prevent temnerature overshoot and subsequent oscillations in calculated

values, Dusinberre (4) shows that the prescribed time step A t must be less tban

a critical time step

C1  K. i, (9)
1

wbere the K. include the respective equivalent conductances for convection

and radiation,

qoA
qolA (10)T(io)
Taw,l -1

and

qradAl1 (11)

T1 - T r

tite step siz-d by Dusinberre's criterion is called a stability time step.

When an element is not subjected to convection or radiation the corresponding

terms drop out of Equations (8) and (9).

As the calculated temperature of element number 1 (Figure 2) moves toward

the ablation temperature of element number 1, overshooting and oscillation must

be avoided. It is assumed that the ablation temperature associated with the

prescribed material of the protective layer Las been specified as a function of

heat-transfer driving potential (H aw- H w ) or as a constant. Thus, ablation

chemistry is accounted for in the calculations empirica.:y, and the need for

specific temperature-dependent chEmical relations is circumvented. With ablation 1.
l
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temperature specified as a constant or in terms of (H aw- H ), it is known as

the ,alculations move ahead in flight time. Any overshooting of the ablation
+

temperature T abl, by surface temperature TI is prevented by .ak~ng the time

step in equation (8) less than or equal to

Cl(Tabll -T 1  (12)

4

qo + kl(Ti " TI) -adAll

i=2

in the calculation procedure this criterion is tested along with the stability

expression (9) and the smallest of the two time steps is selected. In practice

all elements are scanned, and the time step selected is the smallest for all

elements.

If surface element 1 is ablating, the ablation processes can be likened to

sublimation. Accordinbly, the ordinary convective heat transfer toward area

A1 is diminished by the equivalet blocking action, ih H( Haw1j- Hw I) due to the

mzss bl-.ing rate 6, and transpiration factor B. (see Appendix A), Hence q

in Equal ion (8) is replaced by

qo r $ (Haw,I1 Hwi) (13)

during ablation. The temperature-dependent ablation chemistry is represented,

in the sublimation model, by an enthalpy of sublimation H(sg ) and a sublimation

temperature Tabl If ablation occurs during a forward time step, the ablating

element is held at its present ablation temperature Tab I until the completion

of the time step. Therefore, during ablation the capacitance term of Equation

(8) is replaced by a term which accounts for the mas- decrease

Hs - p (14)

H sg) L~tI i(4
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Since in finite-difference form ti = o (V1- V1)/AAt , Equation (8) becomes, upon

introduction or Equations (13) and (14) and rearrangement of terms,

qoAl + Kil(Ti" TI) - qdA, [H(sg) + (Haw - 11w (15)

i-2

The term.i in square brackets is called the modified effective heat of ablation.

In Appendix A it is shown that

Q0Pf q qaH +$(H H c dT - (16)
(sg)w H aw" w = M T p(s) M semi-

T) infinite

test body

It is clear that there are at least two ways of obtaining the input data needed

to fill in the square bracket in Equation (15). They are:

() Obtain H(sg ) from the chemical literature and $H from the mass-transfer J
literature, and evaluate the term directly.

(2) Obtain from the )iterature on ablation experiments thp quantitics i

needed to complete the semi-infinite test body expression in Equation (16).

D uring abla.ion calculations, the time step chosen for Equation (15) must

not be such that V becomes regativL, for this would mean mote element volume

was removed than was available at the beginting of the time step. It follows

that the time-step must be less than or equal to

[H(s)w + 1H( 11aw H) 1 pI V1  (17)
4

qA I+ 7 Ki,'(Ti- T1)  radA,

1-2

1
lJ
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In the final analysis, a time step is chosen after scanning all ablating surface

elements to check for the smallest time to ablate away, after.scanning all non-

ablating surface elements to check for the smallest time to re.Lh aelation

Eemperature, and after scannin& all elements to check for the bmallest stability

time step. The smsllest tisre step dictated by all three criteria must not be

exceeded by a given step forward in time.

Figure 3 shos an intermediate stage of ablation. Elements are assumed to

be proportioned so that ablation of a given element occurs in one dimensicn.

As a consequence of the effect of volume change on the cross-sectional area and

path-length of conduction paths betwcn nodes, adjustments must be made in the

K-values of Equations (8), (9), (12), (15), and (17). With reference to F.gure 3.

the thermal conductance between nodes i and 1 is defined by the relation

1L +L L (18)
Ki,l Kii +i +i~

where the subscript il denotes the real or imaginary interface between elements

1 anI 1. A typical conductance term is defined by the relation

Ki,ii =hKi ai (19)

where a. is the area normal to the flow or heat in the x-direction. According

Sii

for ablation. Also, Iii3 must be continually reduced by the same ratio to

account for the movement of node i toward inerface 13. By means of these

adjustments, the Ki, in Equations (8), (9), (!5), and (17) are modified to

reflect the current status of conduction geometry.
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Figure 3. Surface Element Shrinkage Due to Ablation

With regard to the earlier determination of the local convective heat

transfer coefficient h H, it can now be seen that by taking a forward step in

tim% the calculation always has available for use the local wall surface

temperature at the present time. Thus, the reference temperature T* (see

Equations (3) and (4)) is computed for conditions at the present time and in the

same way, material properties are read from tables of properties by entering

the tables at point temperatures correspondin2 to the prPRant time. Lastly, in

the forward difference method, the rate of heat flow to any node (see Equations

(8) and (15)) is aiways based on temperatures at the present time. The method

therefore avoids the iteration involved in a formulation calling for heat

conduction, convection, radiation or propezty inputs corresponding to temperature

conditions at the end of the time step under consideration. 1
I
I
l
t
!
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SECTION 2

STRUCTURE OF PROGRAH

The basic ablation computer prograia contains, in effect, a set of

available therwai capacitors and conductors corresponding to capacitances C

and conductances K of the previous section. These are connected by the user

who, in writing a )ntrol program, brings into play the lumped-paramteter

equations described in the previouis section. Convective, conductive, and/or

radiative heating rates are computed for each capaciror in accordance with

these equations. Each thermal capacitance is computed from the site and thermal

properties supplied as inputs. Prior to the onset of ablation, the program

computes transient temperatures, based on the current net heating rate and

thermal capacitance, by taking a forward step in time. As already pointed out,

the program sizes the time step so as not to allow uhe temperature of any

capacitor to overshoot and cause oscillations in 6,,sequent finite difference

calculations and so as not to allow the tempprarure of a-y ....... *,,*, to

exceed its ablation temperature. The ablation temperature for each material

is an input specified as a function of the difference between the adiabatic

wall and wall enthalpies of air. When an element reaches its ablation temperature

its temperature is thereafter determined by the local difference between the

adiabatic wall and wall enthalpies of air. If the heat input to ar. ablating

element becomes negative the element temperature is again computed from the

relation between net heat input and capacita.ice. While ablation is in progress

the time step is sized to prevent the calculated volume decrease of the element

from overshooting the element volume available. Also provision is made to

vary the resistances between rapacitors (i.e., elements' in accordance with the

decrease in sucface capacitor volumes due to ablation and to discard capacitors which

have ablated oray. "ontained in the printout of the progz.m are the free stream
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aerodynamic conditions, the local floi conditions including the local heat

trcnsfer coefficient and adiabatic wall temperature, the capacitor temperatures

and temperatures at the interface between the capacitors, the trlicki),ss of

remaining ablator, the modified effective heat of ablation, and the ablation

temperature.

The ablation program has been constructed in two distinct sections; a

group of binary subroutines and a FORTRAN control program. The binaiy subroutine

deck contains, in effect, the reservoir of capacitors and resistors mentioned

earlier. It also contains the lumped-parameter equations necessary to compute

the various modes of heat transfer, the equations to compute capacitor tempera-

tures, and equations which give it the ability to size the time step according

to the three time-step criteria. The geometry being analyzed is taken into

account by the user who will be called the FORTRAN control program writer. The

FORTRAN control program writer, in effect, assembles a network from

the reservoir of capacitors and conductors by designating specific index numbers

in the calling sequence of the appropriate binary subroutines. By calling other

routines he sets initial conditions and provides for computation of heating rates

as functions of time, computation of transient temperatures and ablation rates,

and computation of properly sized time steps. This feature of being able to

construct a problem ii, the course of calling various subroutines gives the pru-

gram a great deal of flexibility.

The FORTRAN control program supplies the input data needed by the subroutines

to make the required calculations. These input data are entered into the orogram

via a 00M1N statement or thiough the calling sequence (arguments) of the sub-

routine CALL statements. Furthermore, a detailed break-down of certain of these

input data is given in tabular statementE.



n,. Jcw Hop&,. U ,',t 17.
APICIP PNVOIS LAATS7

Specifically, the FORTRAN control program consists of the following parts:

I. A DIMENSION statement

II. A OMMN statement

III. A series of tabular sLatements

IV. A series of CALL statements

As usual the Part I DIMENSI0N ;tatement sets aside the appropriate number of

tabular spaces in the computer and the Part II COK40N statement provides the

appropriate number of spaces through which, in effect, certain variables can

pass from one subroutine to another. A small, but not negligible, amount of

information on problem geometry enters the COMMON statement. By contrast, the

tabular statements of Part III deal almost wholly with details of the problem

at hand, Tabtlar statements must include the following:

1. Mach number versus time

2. Altitude versus time

3. Ambient temperature and pressure versus altitude

4. Local aerodynamic flow conditions (M/M0 versus M and P/Po

.2rsus K)

5. Tbe effictivd space temperature versus altitude

6. The emissivity of external surfaces versus temperature

7. A series of coefticients and exponents concerned with the

aerodynamic heating equations, plus a transition Reynolds number

8. The initial volumes of all potential ablating capacitors

9. An ablatica sequence prescribing the order of capacitor abla:ion

10. The material density, specific heat, a'id conductivity as a

function of temperature
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11. The ablation temperature versus air-enthalpy difference

12. The modified effective heat of ablation versus air-enthalpy

difference

13. The capacitor numbers of all Initial surface elements

In supplying the foregoing tabular information in numerical form the FORTRAN

control program writer must assign a vaiiable name to each type of entry and

identify, by subscripting, each individual namerica! entry. With the exception

of items 8 and 9, Part III tabular information is transferrEd to subroutines via

the Part IV calling sequences (arguments) of the subroutine CALL statements.

This transfer is made possible when the program writer enters tabular variable

names in designated positions within the argument cf the CALL statements. Items

8 and 9 are entered into the CO~MIN statement and thereby become directly avail-

able to the subroutines. In writing the CALL statements of Part IV the FORTRAN

control program writer draws on a reservoir of capacitors and conductors and

assembles them into a network. This step is describe.' in more detail in the next

paragraph.

Problem in'uts not covered by items I to 13 above, are introduced into the

CALL statement arguments along with the tabular variables. They appear in the

argument as numerical values, unlike the tabular variables which appear as varia-

ble names. The numeriLal inputs in question are;

1. Index numbers of capacitors

2. Initial capacitor temperatures

3. Exposed surface area of capacitor and its Reynolds number refer-

ence length

4. Capacitor volume

I
!



APLO9I9 r*NS IJIIA91 IIIV 19.

5. Original area-to-length ratio for resistors and c-ntact resistane

,alues

6. Radiation configuration factors

It is important to note again that the flexibility of the program exists in the

reservoir of capacitors and conductors whose index numbers can be called according

to the requirements of the geometry of the problem under study. Exper.ence

teache, one how best to divide a given heat-transfer model into the elements

that ultimately become the capacitors and conductors of the computer program.

Under Part IV of the FORTRAN control program twelve main subroutines in the

binary subroutine deck can be called. They are entitled:

1. ASET 7. CON

2. TRAJ 8. AOMCN

3. ATM 9. RAD

4. FORALT 10. WRITE

5. AAER0 11. ASTEP

6. ACA.P 12 pABL

For some of these subroutines, the order in which the writer of the FORTRAN
I.

control program calls them is critical; for others it is not. To avoid errors,

it is suggested chat the subroutines be called in the order given above in all

cases. Even when one is well versed in rhe use of the program he will find no

particular advantage in changing the order of the CALL statements from that

given above. A discussion follows which is intended to provide a brief view of

the structure and operation of each s,'-routiz.e and the overall operation of the

program.

The ASET subroutine is a FAP subroutine which sec the initial temperature

of each capacitor and defines the beginning and end of f:ight time. These
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settings are chosen by the FORTRAN control program writer and entered into the

argument of t!:. CALL ASET statement.

Subroutine TRAJ is essentially a table look-up FORTRAN Iuutine which

requires as inputs, through its argument, the variable names previously assigned

by the control program writer in preparing the tables of Mach number and altitude

versus time. The function bf TRAJ is zo quadratically interpolate in. the'rables

using the current value of time to obtain the current Mach number and altitude.

T'iese two items leave the subroutine via the c(MM0N statement and thus become

available for later use by the ATM, AAERO, FORALT, and WRITE subroutines.

The FORTRAN subroutine ATM is also a table look-up routine. The control

program writer must place the variable names assigned in the tables of static
-7

temperature, pressure, and altitude in the argument of ATM wher calling

the routine. ATM linearly interpolates in the tables using the current altitude,

supplied by TRAJ, to obtain the current atmospheric temperature and pressure P . I
Both itens are then supplied to AAER0 and WRITE through COMON. T

FORALT is a FORTRAN s,broutinc whose fuiccion is to quadratically interpolate

in the table of effective space temperature versus altitude (using the altitude

supplied by TRAJ) tc obtain the current space temperature. The routine then

assigns this temperature to a particular space node. When calling the routine,

the control program writer must include in the argument of the CALL statement,

the node index number he desires to represent space and the previously assigned

variable names for the effective space temperature and altitude. The space 4
temperature is supplied Lo RAD and WRITE through a (COMN statement.

The AAERO subroutine is a FAP subroutine. Its primary function is to

comrute the aerodynamic heating. In order to accomp!4t, this, the AAERO FAP

routine is broken into two FORTRAN subroutines, AEROA ana AAER0B. The control

1
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program writer calls AAER0 which then automatically calls AER0A and AAER0B.
1"
j The AEROA portion of the AAERO routine computes an adiabatic wall temperature

and an "effective" heat transfer coefficient which excludes a major length

dimension termed the reference length. Information needed by AEROA is supplied

either through a OOWN statement from other subroutines or by the control pro-

gram writer by properly satisfying the argument when calling the routine. The

control program writer must enter in the calling sequence of AAERO the variable

names previously assigned in preparation of:

a. The table giving the transition Reynolds number plus coefficients

and exponents needed in the aerodynamic heating equations

b. The two tables giving the local flow conditions, M/ 0 , etc.

c. The two tables giving the moditied effective heat of ablation

and ablation temperature versus enthalpy difference

IAlso there must be included a series of values for the index number, surface area,

and reference length of all those surface capacitors subjected to the aerodynamic

flow conditions listed in the calling sequence.

[ Briefly, -he AEROA subroutine operates in the following manner. The ratios

of local Mach number to free stream Mach number (M/M) and local pressure to

L free stream pressure (P/P0 ) as a function of free stream Mach number are obtained

ithrough the argument from the list of tables in the control program. The free

stream Mach number H computed by TRAJ, is obtained from (*1N and a quadratic

interpolation is used to obtain the current values of HIM and PIP . The local

Mach number and pressure are obtained by multiplying these ratios by M0 an.l P0

1.respectively, where the value of P0 is obtained fror: ATM through OOWN. Next,

flight and local Mach numbers are used in an energy equation to convert the

temperature ahead of the vehicle to the local temperature of the flow external to

AV



A ,,ftSSS ,",,u.',.,=,' 22.
APPLIED ?NVSM LANKATORV22

SiNW Swr;", Wyla.d

the boundary layer. A local Reynolds number is then computed based on the local

temperature, local pressure, local Mach number, and the first veference length

given in the AAERO calling sequence. This Reynolds number is compaied with a

transition Reynolds number supplied in the list of tables in the control program

to determine whether subsequent calculations should be for a laminar or turbulent

boundary layer. This Reynolds number is not used, however, to compute the heat

transfer coefficient, Instead, a reference enthalpy and adiabatic wall enthalpy

are computed. These enthalpies are c.,,verted to temperatures by means of a

polynomial which has been fitted to conventional temperature-enthalpy data for

air at standard atmospheric pressure. The adiabatic wall temperature is placed

in COMMON. Air properties are then evaluated at the reference temperature, and

subsequently combined with the local pressure, local velocity, and coefficients

and exponents given in the table listings in the control program, to obtain an

"effective" local heat transfer coefficient. Again, the word "effective" is used I
to indicate that a reference length has not yet been included in the computations.

This completes the AER0A calculations and the program automatically proceeds to

AAEROB.

The primary function of AAER0B is to compute the aerodynamic heating rate to

each capacitor listed in the calling sequence of AAERO. In order to do this it

applies the effective local heat transfer coefficient to each capacitor after

obtaining reference lengths from the AAERO calling sequence, thereby computing a

different local heat transfer coefficient for each capacitor. Next, the capacitor

"surface area" is obtained from tT a AAERO calling sequence, the local adial-tic

wall temperature is obtained from AEROA through (OWN, and the capacitor "surface

temperature" is obtained from ASTEP through COMMN fro& the previous tire. AAER0L -B

then has all the information needed to compute the heating rate to each capacitor.

This heating rate is then placed in COMMON.

I
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A secondary function of AAER0B is to determine the current value of the

ablation teiyerature, TABL, and modified effective heat of ablation, lEFF. In

order to do this, it obtains the current value of the enthaipy zifference,

Haw- Hw from AER0A and uses this current value to quadratically interpolatc in

the tables of HEFF and TABL versus H - H w . As previously mentioned, the vari-

able names assigned to these tables must be written into the AAERO callirg sequence.

The function of the FORTRAN subroutine ACAP is to compute the thermal capa-

citance of each capacitor. Tabulat values of material density and specific heat

are given in the control program as functions of temperature and are entered into

the routine by listing the variable rames of the tables in the calling sequence.

Also, the capacitor volume is entered. The routine determines the current density

and specific heat by quadratic interpolation in the tables, using the capacitor

temperature obtained through Q*NMON from the previous :ime. The density and

specific heat are multiplied by the capacitor volume to obtain the thermal capa-

citance which is then placed in OM 4ft One call of subroutine ACAP handles only

one capacitor. Therefore, the control program must call ACAP as many times as

there are number of capacitors. It is worth noting that by repeatedly calling

index numbers in cte ACAP subroutine, the FORTWAN control program writer draws

I on a reservoir of capacitors and, in essence, defines a set of nodes.

FORTRAN subroutine CON is one of the two routines in the prt gram which computec

the thermal condt'ctance between nodes and the subsequent conductive heating rate

L between nodes. By introducing appropriate pairs of capacitor index numbers into

the calling sequence of the CON routine the control program writer draws upon a

reservoir of conductors and assembles a node network into a conductor-capacitor

configuration approximating the thermal model. Thiz s hroutine can be called

repeatedly to Join together tio nodes of non-ablating materials. When CON is
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called, the control program writer liscs in the calling sequence the two

capacitor numbers being joined, the ratio of area to length batween nodes, and

the variable names previously assigned in preparing Phe tables of thermal con-

ductlvity versus temperature. The routine takes this information, refers to

COMMON for the node temperatures at the end of the previous time step, and -

computes the heating rate. This heating rate is then added algebraically to

the heating rate (if any) previously computed by LkERO. At this stage, there-

fore, the heating rate stored in COMMN includes both aerodynamic and conductive

heating rates on capacitors designated by the program writer. Optionally, the

program writer may have conduction heat transfer computed by subroutine ACOMCN

as described in the next paragraph.

The FORTRAN subroutine AOOMCN is a routine which computes the thermal

resistance between ablative as well as non-ablative capacitors. To obtain the

overall thermal resistance between two nodes, three separate resistances are 1

computed; one from the center of one node to the interface, a second across the 7

interface, and a third from the interface to the center of the second node. This

feature makes - OOMCN handy to use in cases where either the material conduction

area changes at the interface or it is desired to account for interface resistance.

AC0MCN also computes temperatures on each side of the interface and feeds this

information through COO0N to the WRITE subroutine. (It should be noted here 7

that all other temperatures are computed by the ASTEP subroutine.) When calling

ACMCN, the FORTRAN control program writer must list the following items in the

calling sequence:

a. The index numbers of the two capacitorq being joined

b. The area to length ratio from the first node to the interface

c. The area of the interface

!
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d. The area to length ratio from the interface to the second node

e. '1.e variable name previously assigned to the tables of thermal

conductivity versus temperature for the material re:'iesented by

the first node

f. The variable name previously assigned to the tables of therral

conductance versus temperature of the interface

g. The variable name previously assigned to the tables of thermal

conductivity versus temperature for the material represented by

the second node

Prior to any computations of heating rate or interface temperature, ACOMCN first

examines a counter (which is set in the ABL routine) to determine whether either

of the two capacitors being joined is ablating. If neither capacitor is ablating,

the subroutine computes the interface temperature and heating rate to both

capacitors. For this purpose the subroutine obtains the area to length ratios

and interface area directly from the calling sequence, the thermal conductivities

from the calling sequence, and present capacitor temperatures from CW"N. The

interface temperature is then computed and placed in COMMON. The new increment of

heating rate for each of the two indices being joined is added algebraically to

the amount already in COMMON. However, if after the counter is examined, one or

both of the capacitors are found to be ablating, either an area or length between

nodes must be adjusted to account for the effect of decreasing element volume.

Since each ablation sequence in the control program lists capacitor node index

numbers in a column sequence starting at the surface and extending into the

ablator, the sequence is examined by the routine to see if both capacitor index

numbers appear in a given sequence. If they do, the p,:. capacitors must lie

above one another. If only one is found in a given abiation sequence, it follows
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that the two capacitors are beside each other. Once the routine has determined

the relative location of the capacitors, either the original area or original

length is decreased by a factor equal to te ratio of current capacitor volume

(obtained from the ABL routine through COMMON) to original volume (obtained from

a table in the control program through COMMON). Once the area to length ratios

have been adjusted, the subroutine proceeds in a fashion identical to the non-

ablating case.

FORTRAN subroutine RAD computes the radiation heat transfer rate between the

capacitor numbers listed in its calling sequence. The routine obtains the sur-

face r..a direccly from the calling sequence and obtains the surface emissivity

from the emissivity-temperature table supplied in the control program whose

variable name is also listed in the calling sequence. The wall temperature from

the end of the previous time step is used to quadratically interpolate in the

table and obtain the current emissivity. The emissivity and wall cemperature are

combined with the effective space temperature obtained from FORALT through COMMON,

co calculate the radiative heating rate on the surface element in question. The

net heating rate for each capacitor surface element is then obtained from COMMON,

altered by the amount of the radiative heating rate, and replaced in COMMON.

The sole function of rhe FAP roueine WRI72 is to handle the printout of the -.

data. The WRIT, subroutine itself calls a FORTRAN routine entitled PRNTA. PRNTA

contains a predetermined printout format which is executed at the flight times

specified by the control program writer in the calling sequence of WRITE. At

each of the specified flight times, WRITE will print out the following ite4s:

1. Flight time, altitude, free stream Mach number, free stream pressure,

and free stream temperature "
.

I
I
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2. Capacitor temperatures (if they have changed from the initial values

specified in the argument of the CALL ASET statement)

3. Contact (interface) teeperatures

4. Local flow conditions; Mach nt-nber, pressure, temperature, Reynolds

number, adiabatic wall temperatu:.e, and the "effective" heat transfer

coefficient

5. The index number of the capacitor nearest to its ablation temperature

and the time needed for it to reach ablation temperature

6. The index number of the capacitor nearest to beirg completely ablated

away and the time to complete ablation

7. The stability time step and the capacitor ntmber associated with it

8. The capacitor number, current volume, modified effective heat of

ablation, and ablation temperature for all capacitors currently ablating

In additionTo printing out these items at the times called for in the calling

sequence, the program will print out any time a capacitor either reaches its

ablation temperature or completely ablates away. when ablatinii is interrupted by

j a negative heating rate, or when ablation is resumed following a return to a

positive heatin~g rgte. Such printouts are triggered by a code supplied by the ABL

routine.

The function of FORTRAN subroutine ASTEP is to properly size the time step

and compute new capacitor temperatures. All the Information needed by ASTEP to

perform calculations is obtained from other routines. It has no calling

sequence. ASTEP determines three different "ime steps:

(a). The miuimum of the times needed by each surface capacitor to rearh

its ablation temperature. See expressior g.2)

t
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(b). The minimum of the times needed by each surface capacitor to reach

complet Ablation. See expression (17)

(c). The stability time step needed to prevent oscillations in subsequent

finite difference calculations. See expressiL (9)

ASTEP chooses the minimum of (a), (b), and (c) to step ahead in time. Time step

(a) is computed using the capacitance supplied by ACAP, the ablation temperature

supplied by AAER0B, the wall temperature from the previous time, and the not

heating rate computed by AAERO, ACOICN, CON, and PAD. Time step (b) is computed

using the density from ACAP, the current volume from ABL, the modified effective

heat of ablation from AAER0B, and the net heating rate from AAER0, ACOMCN. CON,

and RAD. Time step (c) is computed from the capacitance supplied by ACAP and the

cumulative thermal resistances comouted in AAEROB, CON, AOMCN, and RAD. Follow-

ing selection of thL minimum time step, the routine computes new temperatures

based on the previous temperature of the capacitor, the net heating rate, the

thermal capacitance, and the minimum time step.

Th laSt rOUIAe is ABL, a FAP routine which calls the FORTRAN routine ABLI.

The function of ABLI is to compute the current volume of ablating capacitors and

discard those capacitors which have completely ablated evay. It also sets a

counter so other subroutines will know whether or not a par 1cular capacitor is

currently ablating or is completely ablated away. Finally,) hanges the surface

capacitor when an element completely ablates away so th, convect....t (AAERO) and

radiation (RAD) will be applied to the newly exposed capacitor. When calling

the subroutine, the writer must include in +he calling sequence the variable

names assigned to the numbers of the initial surface capacitors. These variable

names and associated capacitor numbers must have bec.i -eviously defined in the
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control program. All other information needed by ABL is obtained through OWN.

The future volume is computed using the present volume, the net heating rate,

the minimum time step, the density, and the modified effective i.at of ablation.

1

I
I
!
I
I
I
7
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SECTION 3

THE FORTPAN CONTROL PROGRAM

The preceding discussion of the computer program has laid the groundwork

for giving specific instructions to the user. This section identifies the

FORITAN control p;'ogram statements and gives the nomenclature. As noted in

Lhe previous seccion, the FORTRAN control program consists of:

I. DIMENSION statements

II. A COMMON statement

III. A series o. tabular statements

IV. A series of CALL statements

These statements have the following form and composition:

I. DIMENSION Statements

DIMENSION Fl(I), F1V(J), F2(K) ......

Fl(I) - dependent variable table Fl, I spaces needed

FlV(J) - independent variable table FlV, J spaPA' needed

F2(K) - dependent variable table F2, K spaces needed

F2V(L) - independent variable table F2V, L spaces needed

Sl(K) - etc.

SlV(K) - etc.

etc.

It should be emphasized that these variable names are to be devised by

the control program writer. Floating point names are 2- be used.
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DIMENSIN 1ASEQ(500), V(1000), DUM(4407), IAB(500), vr(1000), DAMN(4002)1 IASL.Q(500 - ablation sequence , 300 spaces available

V(1000) - volume of capacitors, 1000 spaces avaliab'a
DUM(4407) - 4407 dwmny spaces

IAB(SU0) - ablati on "on-off" index, 500 spaces available
11O(1000) - initial volume of potential ablation elements, 1000

spaces available

DAiiN(4002) - 4002 dummy spaces

II. O0MN Statements

WOMMON T, Q, DUM, IAB, IASEQ, V0, DAMN

T " capacitor temperature

Q - accumulated heating rate being applied to capacitor

DUN - dummy

IA - defined in part I

IASEQ - defined in part 1

VO - dpfined npart 1

I DAMN - dummy

III. Tabular Statements

FI(1) a a is the first value of the dependent variable in a taLle

named Fl
F1(2) - b b is the second value of the dependent variable in a table

named Fl

FI(n- k

FIV(1) = n n Is the total number of items in .'aWle Fl
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FIV(2) - a' a' is the value of the independent varJable corresponding

to the dependent variable FI(1)

It should be noted again that these variable names are to be devised by the

control program writer.

IV. CALL Statements

1. CALLASET(START, STOP, TEMPIN, I; INDEXI, TI...INDEXI, T(I))

START - time at beginning of computations

STOP - time at end of computations

TEMPIN - temperature at which certain capacitors are to be initialized I
I - number of capacitors not desired to be initialized at

TEMPIN 1
INDEXI - capacitor numbers whose initial temperature is not desired I

to be TEMPIN

T(I) - initial temperature of INDEXI I
2. CALL!-J(FOFXM,XM,FOFXA,XA)

FO'4XM - variable name given to free stream Mach number table I
xl' - variable name given to corresponding flight time table

FOFXA - variable name given to altitude table

XA - variable name given to corresponding flight time table I
(The variable names are actually to be entered in the form deyised

in setting up each table in part III.)

i
!
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3. CALLATM (FOFXT0,XT0,F0FXPO,XP0)

F FXT0 - variable name given tc ambient temperature table

XTO - variable name given to corresponding all-3t~tc table

FOFXPO - variable name given to ambient pressure table

XPO - variable name given to corresponding altitude table

4. CALLFORALT (INDEX, FOFX, X)

IWDEX - number of the capacitor designated to represent space

FOFX - variable name given to tpace temperature table (i.e., the

table gives the schedule of temperatures to be assigned

to INDEX)

X - variable name assigned to altitude table corresponding

to FOFX

5. CALAAERO (ID, I ,FNS ,FLFXLM,XLM,FFXLP,XLP,ABLT ,HDIFI ,HEFF,IP IF2,

INDEX 1, GE0NO1, POSNO ......... INDEXI, GE0NI, POsNi)

ID - aercdynamic block number (a block being a group of surface

capacitor ail ....A .t-. 4 ... ,. of aU i .... .

flow conditions)

I - number of surface.capaeitors in the block

FI4NOS - variable name given to the table specifying the transition

Reynolds number and the coefficients and exponents needed

to compute the local heat transfer coefficieut

FOFXLM - variable name given to the table of the local-to-free-streem

Mach number ratios

XI.M - variable name given to corresponding free stream Mach number

table
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FOFXLP - variable name given to the table of local-to-free-stream

static piassure ratios

XLP - variable name given to corresponding free stream Mach

number table

ABLT - variable name given to the ablation temperature table

HDIFI - variable name given to corresponding air-enthalpy

difference table (HAW - 11W) 1

HEFF - variable name given to the modified effective heat of

ablation table

HDIF2 - variable name given to corresponding air-enthalpy difference 1

table

INDEXI - capacitor number of the first capacitor in the block j
GE0N0I - surface area of first capacitor

POSN10I - reference length of first capacitor

INDEXI - capacitor number of the last capacitor in the block 3

GEONOI - surface area of last capacitor

POINOI - reference length of the last capacitor I
6. CALLACAP (INDEX;GE01O,R,XRCP,XCP)

INDEX - capacitor number

GE NO - capacitor volume T

R - variable name given to the table listing the density

of the capacitor material

XR - variable name given to the corresponding temperature table

6C' - variable name given to the table listing the specific

heat of the capacitor material

XCP - variable name given to correopondir.g temperature table

!
I
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7. CALLCON(INDEXl, INDEX2, GEN0, FOFX, X)

IIQCEXi, INDEX2 - identifying numbers of the two capacitors

being joined

GENO - the Lrea to length ratio between the two capacitors

FOFX - the variable name assigned to the table giving the thermal

conductivity of the material

X - the variable name given to the corresponding temperature table

8. CALLACOMCN(INDEX1, INDEX2, GZONOI, GEON02, GE0N03, F0FXI, Xl,

F0FX2, X2, F0FX3, X3)

INDEX1, INDEX2 - identifying numbers of the two capacitors

being joined

GEON01 - the ratio of area to length between the node of INDEXI

and the interface

GE0102 - the area of the interface

GE0NV3 - the ratio of area to length between the interface and the

noA. of JAU...

FOFXl - variable name given to the table listing the thermal

conductivity of the material represented by INDEXI

Xl - variable name of the table listing the corresponding

temperature

FOFX2 - the variable name given to the table listing the interface

conductance

X2 - variable name of the corresponding temperature table

FOFX3 - variable name given to the table listing the thermal

conductivity of the material re-Ioented by INDEX2

X3 - variable name of the corre.,onding cemperature table
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9, CALLRAD',INLEXI, INI)EX2, GENO, FORX, X)

INDEVX, INDEX2 - identifying numbers of the two capacitors which

exchange heat by radiation

GE0N - -urface area

FFX - variable name given to the table listing the surface

emissivity

X - variable name given to the table listing the corresponding

temperature

10. CALLWRITE (N, TIMEI, TIME2 ........... TIW.N)

N - number of times at which printout is desired

TI1El ..... TIHEN - specific times at which printout is desired

11. CALLASTEP

This subroutine requires no calling sequence.

12. CALLABL (INDEXI, INDEX2 ..... TNDEXN) I
INDEXI, INDEX2,... INDEXN - variable names assigned in control

program to each initial surface element

'.

,,

!

I
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SECTION 4

A-MeLB PROBLEM

From the foregoing discussions of the program sLructure and subroutine

arguments, the -eader should now have a general idea of how to construct a

FORTRAN control program to obtain solutions to subliming ablation problems.

However, in order to overcome the difficulties inhereut in the word descrip-

tion of any computer program, a samnle problem will now be solved to demonstrate

precisely the use of the computer program.

Pictured in Figure 4 is a sketch of the area to be analyzed. The area

encompasses the Juncture between a thin skin and a thick ring both of which

are protected by .25 inch thick Teflon ablator material. It is desired to find

the transient temperatures and ablation rates in the ablator and the transient

temperatures in the steel understructure for a Mach 5 low altitude flight. The

FORTRAN coding needed to construct the main control program will be described in

detail and, in fact, the coding sheets themselves are included in this sectiou.

No attempt will be made to discuss or justify the values chosen for various

parameters (transition Reynolds number, ablation temperature, etc.) since the sole

purpose of this sample problem is to provide instruction in use of the program.

It is usual practice to divide the area to be analyzed into a network of

thermal capacitors before the coding of the FORTPAN sheets begins. Previous

experience in geometry make-up is quite helpful in order to make a good selection

of element size. Naturally, for the utmost iccuracy the smaller the element size

the better. Huwever, since the running time on the computer is increased with

decreasing element size, a compromise between accurac,, and cost must many times

be made. It is sometimes true that the increase, accur-cy due to a smiller
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break-up of the geometry is not measurable. It is in cases such as this that

experience is helpful in determining the best element size. The geometry break-

up chosen for the sample problem is shown in Figure 5. With the brea.-up as

shown, the solution to this sample problem required 2.5 minutes of IBM 7094

computer time. Had the break-up been twice as fine as that shown, the running

time on the computer would not have increased appreciably since most of the

computer time was used in converting the FORTRAN control program to machine

language and not in computation. In subdividing the solid, it is generally

advisable to hand-calculate a typical stability time step to be sure that the .1
smallest remains greater than 0.05 second. Experience shows that time steps I
less than 0.05 second can cause excessive consumption of computer time. Once

the element sizes have been chosen, a number must be assigned to each element

and the volumes of each element and the area-to-length ratios between adjacent

elements must be computed. These are then put aside to be included later in the i
argument of the CALIACAP, CALLACOMCN, and CALLCON statements. A detailed dis-

cussion of the coding sheets now follows. The list of units which must be

.sed with the iiputs is given in Table I (Page 52). I
The JOB card appearing on Page 1 o the coding sheets is an I.D. card whose

form is peculiar to APL. Other svste'4 may require other I.D. cards and this

one is shown only for illustrative purpose;. The XEQ card, however, is a control

card and must appear at the head of any FORTRAN program. The SAMPLE ABLATION

PROBLEM card is a comment card which is not processed by the machine and is used

only to clarify the coding. ommnt cards will be used liberally thrcughor the

program. The first of the two DIMENSION statements describes the variables listed .

in each particular program. Although this appears at tha head of the program, it

is usually not completed until the rest of the program has becn written amd the
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names and number of spaces needed for each variable ere known. The second

DIMENSION statement must appear in every job in exactly the form as shown on

Lhe first coding sheet. Likewise, the OOMMN statement must appeaz. in every

* jJb exactly as shown on the coding sheet. Since the second DIMENSION and the

COMIN statements are never to be changed, they may be placed on file and need

not be re-coded for each job.

The actual coding of the tabular input begins on the second coding sheet.

Here the Mach number versus time is given under the assigned variable names F1

and FlV. There are two things to rote in this table which are true for each

and every set of dependent-independent variable tables written in the control

program. First, the first number in the independent variable list (FlV) miust be

the number of items in the dependent variable (Fl) table. This number is needed

by the routine which makes the quadratic interpolations in the table. The second

item to be noted is how the points describing the Mach number history are specified.

In this particular case, a linear variation of Mach number for 5 seconds up to a

Mach number of 5 is to be programmed. After 5 seconds, a constant Mach number of

5 is desired. Any.ime such a sharp break occurs, it is imperative that a

number of points extremely close together be specified in the area of this break.

This is necessary because quadratic interpolation is automatically ised between

points given in the table. If enough points are not given in regions where there

is a sudden change in the slope of the curves, completely erroneous interpolated

results can be obtained. On the third coding sheet, the altitude table (12) is

given. No new correspcndlng time table is needed since the altitude values were

L made to coincide with the time table (FlV) given with the Mach nuaber. Thus, later

the F1.V table will be used with both F1 and F2 in the argument of the CALLTRAJ

etatement,
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Fcllowing the trajectory data the ambient atmospheric conditions are listed.

The temperatuL and pressure are specified as a function of altitude. iNue once

again that the coding effort is reduced by making one altitude table serve both

the temperature and pressure tables.

Following the ambient pressure table, the lo-al flow conditions (M/Mo and

P/P0) are specified as a function of free stream Mach number. It might be noted
'T

here that unless otherwise stated, the variable names assigned to any of the

tables which have been discussed are quite arbitrary as long a3 floating point

names (any beginning with letters other than I, J, K, L, M, and N) are used. I
For example, the Mach number ratio table F5 could equally well be called S5, F27, J
or T7.

Following the local pressure ratio table, the effective space temperature

versus altitude is listed in tabular form in an identical fashion to the other

tables discussed. On Page 6 of the coding sheets, the emissivity of external

surfaces is given. In this case it was desired that a constant value of .8 be I
used rather tnan a temperature-dependent set of values. Note that since this

quantity is a single non-subscripted constant it need not be listed in the

DIMENSION statemenr.

The table listing the flow numbers for the aerodynamic heating equdtions I
follows next and is the only table which is the same length for every problem.

There are invariably six entries in the table and each of these entries has a

particular meaning. The first entry must list the transition Reynolds number.

The second and third entries give the exponent on the Reynolds number in the

Nusselt relation. It should be pointed out that, within the routine, the

exponent on the Prandtl number is fixed at 1/3. The f,.vth and fifth flow

numbers give the coefficients of the Nusselt num)er relatLon for laminar and

A

I
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turbulent flow respectively. The values assigned to the second through fifth

flow numbers in the sample problem apply to the case of the fPat plate. The

sixth flow number is set equal to 1 if stagnation point heat transfer is to be

computed. At all other times, the sixth flow number must be set equal to zero.

The next table lists the initial volumes of all the potentially ablating

capacitors. The variable name used in this list is not arbitrary but must

always be V0. In similar fashion, the sequence of ablating capacitors in the

following table must always have IASEQ as its variable nare. The first item in

this list must specify the number of "columns" of ablating capacitors,. For the

sample problem this number is 2 (see Figure 5). The second item in the list must

specify a number of capacitors in the first column (i.e., 11). Next, the

capacitor number assigned to each of the elements in the ablating sequence are

listed in order. Note that the first capacitor in the understructure (i.e., 21)

(see Figure 5) is the last number to be listed. No particular number sequence

need be assigned to the capacitors when formulating the geometry break-up as any

combination of numbers, each less than the number 1000, can be handled by the

dblation sequece. The fourteenth entry in the sample problem ablation sequence

is the number of capacitors (i.e., 11) in the second ablating column. The fifteenth

entry starts a list of the capacitors in the second column. If additional

columns were present the cycle would be repeated. However, the total length

of the table must not exceed 500 entries.

Following thl ablatior sequence are tables giving th thermal properties of

the two materials, Teflon and stainless steel. The form of the tables is identical

to those listing the trajectory and atmospheric propc:ties. Note that the density,

cpecif*c heat, and thermal conductivity must be ]tsted ndJividually. In the case
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of stainless steel a table was not used for the density since only a single

value was krnwn. This value is given on £'age 9 of the coding sheets. Constants

may of course, be used in place of tables at any time. Folluwz-g the listing

of the thermal properties, the ablative properties of the materials are given

on Page 11. Oace again, the tables are in the usual form and a single enthalpy

difference table is given to serve both the HEFF and ablation temperacure. tables.

At the bottom of Page 11, a constant equal to 1 is defined under the I
variable name of F18. This constart will be found useful later in the argument

of some of the subroutine calling statements. A final item specified before

the CALL statements are the variable names assigned to the initial surface J
elements. For the sample problem, element 1 has been assigned the fixed-point

variable name INDXl and element 11 has been assigned the variable name INDX2.

This can be seen on Page 12.

As a final note on the tables it should be mentioned that the order in which I
all the above tables are specified is not czitical. They may be placed anywhere i
1etween the C0MHON statement and the first CALL bLacemenr.

The remainder of the program consists of CALL statements. The reader will

find it he.lpul tu refer periodically to Section 3 where the calling sequence

is defined for each of the routines. Particular attention should be 6iven to the

way variable names are placed in the calling sequences and to seeing that they

do, indeed, satisfy the requirements described in Section 3.

The first statement in the series is the CALLASET statement (Page 12 of the

codIng sheets). For the sample problem, CALLASET has been instructed to make

computations from 0 to 11 seconds and set all capacitors at an initial temperb-

ture of 519'R with the exception of one capacitor, !i-dred 1000, whose

temperature is set at 6000R. The CALLTRAJ statement haa in its calling sequence

-!
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the variable names which were given previously to the Mach number, altitude,

and time tablet, Note that this statement has the number 1 in column 5. It

is important to include this statement number sinze the program is instructed

to loop back to statement 1 after each time step. The CALIATM statement has in

its calling sequence the variablc names given to the ambient temperature, pres-

sure, and altitude tables. The CALLF0RALT statement lists the capacitor number

1000 which was chosen as the capacitor to represeulL space for this problem. It

also lists the vqriable names given to the temperature of space and to the

altitude tablst,

The CALLAAER4 statements supply information to compute the aerodynamic

heating. The reader should refer back to the detailed description of the calling

sequence given in Section 3 and to the accompanying definitions of the variable

names. In the arguments of the CALLAAERO statements it is seen that surface

areas in the sample problem have been assumed to be 0.0833 square feet and that

the reference lengths of INDEXl and INDEX2 have been assumed to be 0.033 feet and

0.117 feet, respectively.

The CALLA.AP statements follow next on Page 12 of the coding forms. Note

that there is one statement for e:h capacitor shown in Figure 5. In the

calling sequence of ACAP the hand-calculated volume of each capacitor is entered

along with the variable names assigned to the density, specific heat, and

temperature tables.

On coding form Page 13 are listed several CALLCON statements jescribing the

conduction between nonoblative capacitors. CALLC0N statements are used in place of

CALLACOMCN because of their shorter calling sequence.

Vie CALLAO0MCN statements on Page 14 identify the -apacitor pair being

joined and give the area-to-length ratio between Lhe first node and the interface,
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the interface area, and the area-to-length ratio between the interface and

second noue. For the sample problem, it was assumed that the interface resis-
C,

tance would be negligible. Therefore, a ve-y large number, .1 x 10 , was used

to represent the interface area. The interface unit conductance was then assumed

to be equal to 1 and was inserted into the cailing sequence by use of the

previously defined variable F18. The resulting interface conductance is so

9T
large (.1 x 109) that the interface resistance is effectively zero. Note that I

since F18 was a constant and not a table, there was no independent variable.

A zero was placed in the calling sequence folluwing F18. This was repeated in

subsequent O MCN sequences. in general, if a constant previously assigned a j
variable name is to be entered into any calling sequence, its variable name is

always listed followed by a zero. I
On Page 15 of the coding forms CALLRAD statements are given; one for INDXl

and the other for INDX2. In this problem, 1000 was used as the capacitor I
number to represenf space and therefore appears in the calling sequence c eac..

statement. A surface area of .0833 Ft2 is given followed by the variable name

(F8) assigned :o the constant emissivity. It should be noted once again that

since a variable named constant i- used, the variable name is followed by a zero.

The CALLWRITE statement appears on Page 15 of the coding sheets. It gives

the times at which printouts are desired. Care must be taken to insure that the

first number in the calling sequence is an accurp.te count of the number of times

at which printout is desired. One should recail fi.,m previous discussions that

printout will occur automatically at crucial times other than those lqted in

the argument of the CALLWRITE statement. In order to allow for possible longer

running times future printouts were called for up t, 36 seconds even though the

I
I
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sample problem was set to run only 11 bconds. 1&ie CALLASTEP statement following

on Page 16 of the coding sheets requires no calling sequence and, therefore, no

discussion. The final call statement is the CALLABL statement. Th_!,. calling

sequence must contain the variable names given to the initial surface elements.

For this sample problem the names INDXl and INDX2 were assigned to the initial

surface elements. The next statement, the GO TO 1 statement, will cause Lhe pro-

gram to go back to the CALLTRAJ statement after each time step and proceed with

new computations for the new flight time. The program is completed with an END

card which is required in all FORTRAN jobs.

After the data on the coding sheets 1 through 16 have been converted to

information on punched cards, the resulting control program deck is combined

with the deck of binary subroutines for running on the computer. The decks of

binary subroutines are available upon request from the authors.

Figure 6 presents a section of printout taken from the sample problem at a

flight time of 3.6 seconds. For the most part, the printout is self-explanatory

but a few words of clarification will be given.

The units of the variables in the printout are:

Time - Seconds

Altitude -Feet

Pressure - Pounds per square foot

Temperature - OF

H prime - Btu.(Ft) /Ft 2.Sec0 F

Current Volume (VC) - Ft3

Effective heat of ablation (EFFHV) - Btu/lb

The thermal capacitor numbers and their associated temperatures are lis-ed if the

temperatures have changed from their inicial values. A&Llitional contact temperature,

i
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are given on both sides of the interface between those capacitor previously

joined by CALLAO0MCN statements. The local flow properties are listed according

to an ID number which corresponds to the ID number in each CALLAA.P4 si-atement.

Thus, to find the capacitor numbers to which each set of flow conditions applies,

one must refer back to a CALLAAER0 statement containing the proper ID number.

Figures 7 and 8 graphically present results from the sample problem. Tn

Figure 7 ce ablator thickness versus time for the two ablating "co±.,mna" is

given. The ablation rates are considerably different because the problem was

deliberately set up with boundary layer transition occurring between the two

columns. Thus, 'lation under both lamiaar and turbulent flow is present. Figure

8 presents temperature-time results for the external surface (at the location of

element 1) and the steel understructure. It is seen that the surface temperature I
continues to rise after the onset of ablation at 3.4 seconds. This is caused by

the changing enthalpy difference across the boundary layer and the fact that the I
ablation temperature is a function of the enthalpy difference.

The example problem chosen is an extreme case which demonstrates the capability

of the computer program to deal with a substantial differential in local ablation J
rates and large local differences in the thermal mass of the structure. Therefore,

it should be re-emphasized that the effect of body contour charges on vehicle I

aerodynamics is not acccunted in the computer program. On the other hand, in cases
I

where body contour changes do not substantially affect vehicle aerodynamics the

present computer program can be used effectively Lo integrate the thermal analysis

of ablatively protected structures having complex interconnected conducting paths.

As a final note on the program, Table II has been prepared in order to show

the upper limit on program capacity.

t

I
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OMENCTATURE
'T

a - Elemental planar surface, located in conductive medi,- ad orientated
in direction normal to direction of heat flow but aligned .,Ih x-
direction on ablation element

A - Element l planar surface, located in conductive medium and orientated
in direction normal to direction of heat flow but aligned with z-
direction (in or out of exterior surface) of ablation element

C - A constant

C. - apacitance of element i

- Specific heat of a gas at constant pressurep

c p(s) - Specific heat of a solid material

FA  - A radiation configuration factor based on geometry

F - A radiation configuration factor based on emissivity I

N - Convective heat transfer coefficient based on enthalpy difference

- Convective heat transfer coefficient based on enthalpy difference in

Ho the absence of mass release from surface

H - Enthalpy of air in contact with an adiabatic wall surface

H -w'i - Enthalpy of air in contact with the adiabatic surface of element i

H (ghw - Enthalpy f gaseous wall material at wall surface temperature and
pressure conditions

H - Static enthalpy of air at local-flow conditions I
H(s'o - Enthalpy of solid wall material at initial condition 9

IH (s)- Enthalpy of sublimation

H (sg)W - Enthalpy of sublimation for the wall surface temperature conditioui

Hw  - Enthalpy of air in contact with a non-adiabatic wall surface j
H - Enthalpy of air in contact with the non-adiab, ic surface of..ment.-w -

H - Reference enthalpy of air defined by Equations (3) and (4)

!
I



I
• U I N m c e a a e m ~ e m v4 9 .

- Therwai conJuctivity of element i at its temperature condition

k - Thermal conductivity of airI

K - Thermal conductance

Ki, - Thermal conductance between node i and node 1

K Ki,i - Thermal conductance between node i and Interface between element i and
element 1

z - Elemental length of conductive path directed normal to adjacent
aerodynamically heated wall surface

I£ - Elemental length of conductive path directed normal to adjacentS,13 aerodynamically heated wall surface and running between node i and
the interface between element i ard element 3

L - Elemental length of conductive path directed parallel to adjacent
aerodynamically heated wall surface

L ,il - Elemental length of conductive path directed parallel to adjacent,~1 a.rodynarically heatcd wall surface and running between node i and the
interface between element i and element 1

M - Free-stream Mach numberM - Mach numbez of local flow

m - A constant

- - Mass ,low rate of ablator across unit area of the control surface j

n - A constant

P - Local static preEsure

SP0 - Free-stream static pressure

Pr - Prandtl number

qo 0 - Non-ablative convective heat flow per unit time and unit wall-surface
area

q rad - Radiation heat flow per unit time and unit wall-surface area

I Re - Reynolds number

T - Absolute temperature

L
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T C - A constant used in Sutherland's Viscosity Law.

TO0 - Absolute initial temperature of solid material

T w - Absolute temperature of the air in contact w4th an adiabatic wall

T surface

T awi- Absolute temperature of the air in contact with the adiabatic wall
al surface of element i

T w - Absolute temperature of a non-adiabatic wall surface

T space - Absolute temperature of effective radiation space

T ab I  - Absolute temperature of an ablating surface

T abl, i - Absolute temperature of the ablating element i

T i Praen-tim abolue tepertur of lemnt
T. - Furen-time absolute temperature of element i

T - The absolute temperature corresponding to reference enthalpy H* at

I atm.

t,Lt - Time, time increment

u - Local velocity external to bounJary layer

1 - Presen. -time volume of element i

V + - Future-time volume of element i

x - Distance from leading edge

OH - Transpiration factor based on enthalpy differenceI

L - Air absolute viscosity evaluated at T*

PCo - A constant in Sutherland's Visccsity Law



T
AP IS P NYfl~ LAU IAT 6V 51.

t .Whe mo. Mok a U,styan

0.i - Ifensitv of element 1
P*

p - Air density evaluated at T

a - Stefan-Boltzmann Constant

I

L



Th2 JoAhi Nop&.f Unwy
APPUGil PN"It LAHMATORy 52.

UNITS OF COMPUTER PROGRAM INPUT VARIABLES

VARIABLE UNITS

Altitude Ft I
Temperature OR

Pres sure Lb f/Ft2

Volume Ft3

Density Lb m/Ft3  I
Specific Heat Btu/Lb OR

Thermal Conductivity Btu.Ft/Ft . hr . R

Modified Effective Heat of Ablatiov (HEFF) Btu/Lb I
Area Ft2

Length Ft I

i
I
I

I

I
I
I
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Fig. 4 SKETCH OF AREA OF ANALYSIS FOR SAMPLE PROBLEM

ti i , t_

I TEFLON a

_____ in1131 i
ILI" f

HMSTEEL I f
DiiEN! ONS ARE IN INCHES
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F;. $ BREAKUP OF GEOMETRY FOR SAMPLE PROBLEM T

• 2.,12 T
.., I .13 I

-18

.21 22 0.05

.23 0.10,

I

.24 0.20

NOTES:
I. ALL DIMENSIONS ARE IN INCHES.
2./I////DENOTES ASSUMED

ADIA. %TIC WALL.

.25 0.20

+ I
.26 0.20

/7777f777 j
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Fig. 7 SAMPLE PROBLEM ABLATOR THICKNESS VERSUS TIME I
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APPEND3IX A

To MODIIED EFFECTIVE HEAT OF ABLATION

Figure Al has been prepared in order to show two typical pyrolization

processee, and a typical temperature distribution in the boundary layer and ablator.

Figure Ala illustrates a combined sublimation-oxidation process while Figure Alb

depicts chrrlngbathwi . With reference to the temperature distribution, Figure

Alc, it can be assumed either that the ablator has been suddenly injected into a

hot-gas stream and is experiencing a transient surface temperature rise, or that

ablation has steadied out such that the temperature profile shown s of a fixed

shape and magnitude with respect to the moving surta.e, As is well known, one of

the principal features of ablation is the reduction im iaward convective heat fl,.:

through the boundary layer by the outward flow of released gas. This release of gas

into the boundary layer is similar in its effect on the boundary layer to the release

from a transpfratior cooled wall. Therefore, the blocking effectiveness of thp

release is commonly characterized by a transpiration factor 8H'

(~VW

. A I J -'m ug I

(0) (6)_; Nc
Figure Al. Two Modes of Ablation and a Typical TemperatAre Distribution
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In the case of the steady ablation process the fundamental steady I
one-dimensional energy equation on te control volume of Figure Ala, which

extends deep into the steadily ablating semi-infinite body, is j

q 0 H - H + AHa H) + qrad (Al)
t()w (s)o H aw _ m

Effective Enthalpy Blocking Net Outward
Heat of Rise of Term Surface I

Ablation Ablptor Radiation

where cj denotes ordinary unblocked convective heat flux to a wall whose surface I
temperature is equal to that of the ablating surface. With reference to equation

(Al) it can be seen that a purely experimental effective heat of ablation can be
ubtained in the laboratory by applying a given level of (Haw - Hw) and by measuring I

q to a non-ablating calorimeter model, whose surface temperature is equal to

the ablator surface temperature, and by measuring mass loss rate i of the ablating I
model in the same stream. The AYpcen--tay . . .,r.ned quotiuL qo/ will I
correctly represent the right-hand side of equat4on (Al) if

(a) Calorime:er radiation matches that of the ablator, or if q0 is J
corrected in the case of a mis-match.

(b) The ablation model is thick enough to simulate a semi-infinite body. I
(c) The run is steady or is corrected for any unsteady periods.

(d) The supply air is clean.

(e) Air pressure effects on degradation chemistry simulate the In-flight

case.

By comparison to the foregoing direct emperimental -_whods, the indirect experimental j.

method of determining q0 /6 i.olves selecting a level i Haw- Hw and *ultable

!
9



&AL§4 M LPANSW4a1 61.
save SwPMW WWV1W-d

experimental values o. other quantities on the right-hand side of Equation (Al).

In the particular case of a subliming ablator, H(g)w - H(s)o "n be calcaiated

from the relation

T

H - (s)o H(sg) + Cp()dT (A2)H(9 )W SOa(gv T VP

0

provided the ablation wall surface temperature T is known. The enthalpy-based
V

Lranspiration factor 8H is available in the literature (5) covering theilaminar

and turbulent boundary layers. However, calculation of the radiation term qo/&

is not straight-forward because it involves the unknown ablation rate i. The

alternaLe ezPression for q/0 Ma due to Adams (5)

qo0 H ()%- H (S)O + 
0 H(Haw " H), --- 0 ~~~a -e (A3)

m I q ad
qm

results from a rearrangement of the terms of Equation (Al). Still, however, the

calculation of .Iad/q is not straight-forward because it involves the unknown

heating rate qo" No attempt will be made to resolve this problem here. For

further discussion, see Reference 6.

In the present ablation program an equivalent surface-ablation energy

property was needed. It was defined as the sum of the sublimation enthalpy

change and the blocking term. By substituting Equation (A2) into Equation (Al)

one finds this sum to be related to the effective heat of ablation in the following

way
( T

H 9g + H 0 ~ .dT - A4)H(sg)w + HH +H ) = -- C~sd - I
O 

semi-infinite

test body
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Since the righ,-hand side of equation (A4) is a modified form of the ordinary

effective heat of ablation qo /6i it is called the modified effe:ci .e heat of

ablation. When obtaining the modified cffecLive heat of ablation from the j
literature one must exercise good judgement with regard to factors (a) - (e)

cited above. J

I
I
I
I
I
I
T

I
I
I
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